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taurocholate (TC) cotransporting polypeptide Ntcp/NTCP mediates TC uptake across the sinusoidal membrane of hepatocytes. Previously, we demonstrated that nitric oxide (NO) inhibits TC uptake through S-nitrosylation of a cysteine residue. Our current aim was to determine which of the eight cysteine residues of Ntcp is responsible for NO-mediated S-nitrosylation and inhibition of TC uptake. Thus, we tested the effect of NO on TC uptake in HuH-7 cells transiently transfected with cysteine-to-alanine mutant Ntcp constructs. Of the eight mutants tested, only C44A Ntcp displayed decreased total and plasma membrane (PM) levels that were also reflected in decreased TC uptake. C266A Ntcp showed a decrease in TC uptake that was not explained by a decrease in total expression or PM localization, indicating that C266 is required for optimal uptake. We speculated that NO would target C266 since a previous report had shown the thiol reactive compound [2-(trimethylammonium) ethyl] methanethiosulfonate bromide (MTSET) inhibits TC uptake by wild-type NTCP but not by C266A NTCP. We confirmed that MTSET targets C266 of Ntcp, but, surprisingly, we found that C266 was not responsible for NO-mediated inhibition of TC uptake. Instead, we found that C96 was targeted by NO since C96A Ntcp was insensitive to NO-mediated inhibition of TC uptake. We also found that wild-type but not C96A Ntcp is S-nitrosylated by NO, suggesting that C96 is important in regulating Ntcp function in response to elevated levels of NO. nitric oxide; S-nitrosylation; sodium-dependent taurocholate cotransporting polypeptide THE TRANSCELLULAR HEPATIC transport of bile acids is driven by various transporters present at sinusoidal and canalicular membranes of hepatocytes. The Na ϩ -dependent taurocholate (TC) cotransporting polypeptide (NTCP/Ntcp) is the major sinusoidal bile salt transporter of hepatocytes. Ntcp mediates the transport of conjugated bile salts such as TC and taurochenodeoxycholate in a Na ϩ -dependent fashion using the Na ϩ gradient produced by the Na ϩ -K ϩ -ATPase (1, 16, 24, 39) . Orthologs of the rat Ntcp have been identified for human, mouse, and rabbit (42) .
Cholestasis, the pathological condition marked by a decrease in bile formation, can be caused by a number of factors, one of them being bacterial infections (6, 12, 24) . Sepsis-associated cholestasis is most common with systemic gram-negative bacterial infections. Sepsis-induced cholestasis occurs as a result of the effect of lipopolysaccharide (LPS) on the liver (12) . During LPS-induced cholestasis, bile flow is decreased, resulting from both plasma membrane (PM) retrieval of bile transporters (short-term regulation) and ultimately a decrease in the expression of bile transporters (long-term regulation) (6, 12, 24) . At the same time, sepsis-associated cholestasis is associated with a burst of nitric oxide (NO) production by inducible nitric oxide synthase in all major cell types of the liver (12) .
A recent report demonstrated that NO can inhibit TC uptake in isolated rat hepatocytes (37) . One of the ways that NO exerts its cellular effects is through a posttranslational modification termed S-nitrosylation, the binding of NO to reactive thiol groups on cysteine residues. We have previously shown that NO noncompetitively inhibits TC uptake by NTCP. This inhibition by NO was reversible by dithiothreitol (DTT), which supports the notion that NO blocks uptake by modifying cysteine residues. Furthermore, we found that NO treatment results in S-nitrosylation of NTCP under these conditions (33) . These results led to the suggestion that NO inhibits TC uptake by S-nitrosylating NTCP. However, the cysteine residue (s) of Ntcp S-nitrosylated by NO has not been determined. Identification of the cysteine residues targeted by NO would lead to an improved understanding of the posttranscriptional regulation of Ntcp/NTCP.
Ntcp has eight cysteines, and one of these, Cys266, is highly conserved not only across several species but also with the NTCP/Ntcp homolog, apical Na ϩ -dependent bile acid transporter (Asbt) (32, 42) . A previous study reported that the thiol reactive compound [2-(trimethylammonium) ethyl] methanethiosulfonate bromide (MTSET) inhibits TC uptake by wildtype (WT) human NTCP but not by the C266A NTCP mutant, indicating that the C266 residue is responsible for the sensitivity to the MTSET compound (17) . Thus, we hypothesized that cysteine 266 of Ntcp/NTCP could be S-nitrosylated by NO. The aim of this study was to determine which of the eight cysteine residues of Ntcp is responsible for NO-mediated inhibition of TC uptake. Surprisingly, we found that C266 is not responsible for NO-mediated inhibition of TC uptake. Rather, we found that mutation of C96 is targeted by NO and is important for NO-mediated inhibition of TC uptake.
MATERIALS AND METHODS
Materials. TC (Na ϩ salt), cysteine, (ϩ)-sodium L-ascorbate, DTT, S-methyl methanethiosulfonate (MMTS), and streptavidin agarose were purchased from Sigma-Aldrich (St. Louis, MO). MTSET was purchased from Affymetrix (Maumee, OH). Sodium nitrite was purchased from JT Baker Chemical (Phillipsburg, NJ). Lipofectamine 2000 was purchased from Invitrogen (Carlsbad, CA). Biotin-HPDP and sulfo-NHS-LC-biotin were purchased from Pierce (Rockford, IL). E-cadherin antibody was purchased from BD Transduction Laboratories (San Jose, CA). Actin antibody was purchased from Calbiochem (San Diego, CA). Antibody for Ntcp was a gift from Dr. Alan Wolkoff (New York, NY). [ 3 H]TC was purchased from Perkin Elmer (Shelton, CT). S-nitrosocysteine (CysNO) was prepared fresh by combining equal volumes of 600 mM NaNO 2 in H2O with 600 mM L-cysteine in 0.5 M HCl to yield a 300 mM stock solution of CysNO. The QuickChange II Site-Directed Mutagenesis Kit was purchased from Agilent Technologies (Lexington, MA). Mutagenesis primers were purchased from Integrated DNA Technologies (Coralville, IA). A pcDNA3-based Ntcp expression construct was a gift from Dr. Ralf Kubitz (Dusseldorf, Germany).
Site-directed mutagenesis. Cysteine-to-alanine mutations for each Ntcp cysteine were generated using standard conditions with the QuickChange II Site-Directed Mutagenesis Kit from Agilent. Primers for each mutant were previously reported (42) . Each mutation was confirmed by sequencing.
HuH-7 cell culture and transfection. HuH-7 cells were from a gift from Dr. Ananthanaraynan (New York, NY). Cells were cultured in Dulbeco's minimum essential medium supplemented with 10% fetal bovine serum, 100,000 U/l penicillin, and 100 mg/l streptomycin at 37°C under 5% CO 2. HuH-7 cells were transfected with an empty vector (pcDNA3), WT, or cysteine mutant Ntcp by using Lipofectamine 2000 according to the manufacturer's instructions. Briefly, the culture medium was changed to OptiMem containing Lipofectamine and empty vector, WT, or mutant Ntcp and incubated at 37°C for 24 h. Cells were briefly washed and then incubated with complete media for another 24 h. On experiment days, cells were incubated for 3 h in serum-free media and then incubated in a HEPES assay buffer, pH 7.4 (20 mM HEPES, 140 mM NaCl, 5 mM KCl, 1 mM MgSO 4, 1 mM CaCl2, 0.8 mM KH2PO4, and 5 mM glucose), before determining TC uptake, biotinylation of PM-bound proteins, or NTCP S-nitrosylation.
S-nitrosylation assay. The biotin switch assay was performed as described previously with minor modifications (10, 33) . Following transient transfection of HuH-7 cells with WT or mutant Ntcp, cells were treated with or without CysNO. Lysates were prepared, and then samples were incubated with a final concentration of 2.5% SDS and 0.2% MMTS for 20 min at 50°C with frequent vortexing to block free thiols. MMTS was removed by acetone precipitation, and then the samples were resuspended in HENS buffer (100 mM HEPES, 1 mM EDTA, 0.1 mM neocuproine, 1% SDS, pH 8.0) with biotin-HPDP and ascorbic acid (0.25 mg/ml and 20 mM final concentrations, respectively). Samples were rotated in the dark for 1 h at room temperature. After another acetone precipitation, samples were resuspended in 0.25 ml HENS/10 (HENS buffer diluted 1:10 in H2O) buffer followed by the addition of 0.75 ml of neutralization buffer (25 mM HEPES, 100 mM NaCl, 1 mM EDTA, and 0.5% Triton X-100, pH 7.5). Streptavidin agarose beads (50 l) were added, and then samples were rocked overnight at 4°C. Samples were washed four times with wash buffer (neutralization buffer ϩ 600 mM NaCl) and then eluted with 30 l elution buffer (HEN/10 buffer containing 1% ␤-mercaptoethanol). After addition of an equal volume of 2ϫ SDS sample buffer plus ␤-mercaptoethanol the samples were processed for immunoblot.
Immunoblot. Following SDS-PAGE, proteins were transferred to nitrocellulose. Membranes were blocked with 5% milk in 0.1% Tween-TBS (TTBS) for 1 h at room temperature while rocking. Antibodies for either Ntcp, actin, or E-cadherin were then added to 5% milk-TTBS and incubated with the membrane for 2 h at room temperature while rocking. After three washes with TTBS, membranes were incubated with a horseradish peroxidase-conjugated secondary antibody in 5% milk-TTBS for 1 h at room temperature. Following five washes in TTBS, ECL was performed, and proteins were detected by autoradiography. Blots were scanned into Adobe Photoshop and subjected to computerized densitometric scanning using SigmaGel.
TC uptake. TC uptake was determined as previously described (33) . Following transfection with pcDNA3, WT or mutant Ntcp cells were treated with or without CysNO or MTSET for the indicated doses and then incubated with 20 M TC containing [ 3 H]TC for 2 min. The cells were then washed thee times with ice-cold HEPES assay buffer and lysed in lysis buffer (20 mM Tris, 150 mM NaCl, 1% Triton X-100, 1 mM EDTA, 1 mM EGTA, 2.5 mM sodium pyrophosphate, 1 mM ␤-glycerophosphate, plus protease inhibitors, pH 7.5). Aliquots of cell lysate were counted for radioactivity and used for protein determination. Each individual experiment was performed in triplicate. TC uptake was calculated after correcting for background uptake determined from cells transfected with pcDNA3, and relative TC uptake was expressed by setting WT Ntcp control samples as one.
Translocation of NTCP. A previously described cell surface biotinylation method was used to assess Ntcp translocation in cells transfected with WT or mutant Ntcp (33) . After treatment with or without CysNO, cell surface proteins were biotinylated by exposing cells to sulfo-NHS-LC-biotin (0.5 mg/ml) in PBS, pH 8.0 for 45 min on ice. Cells were then washed with PBS ϩ 100 mM glycine, pH 8.0, and cell lysates were prepared. Biotinylated proteins were isolated with streptavidin-agarose beads followed by immunoblot analysis. Immunoblotting with E-cadherin, a PM protein, was used for a loading control. The absence of biotinylated GAPDH was routinely monitored to ensure that intracellular proteins were not biotinylated. In some experiments, total Ntcp was determined and normalized against actin expression.
Data analysis. Values are presented as means Ϯ SE, unless otherwise indicated. Differences between groups were analyzed using Student's t -test with P Ͻ 0.05 considered significant.
RESULTS
To investigate which cysteine residue(s) might serve as a target for NO, we created cysteine-to-alanine mutations for each of the eight Ntcp cysteines. We then determined the effect of these mutations on basal TC uptake. We found that C44A and C266A mutations led to a decrease in TC uptake compared with WT Ntcp (Fig. 1) .
It is possible that a decrease in TC uptake may be due to a decrease in total expression of Ntcp or a decrease in the amount of Ntcp localized to the PM. To control for these possibilities, we performed immunoblots to measure the total expression levels of Ntcp in our transient transfections. Ntcp is highly glycosylated, and immunoblots with this antibody recognize multiple glycosylated forms of Ntcp (19) . We and others have shown that Ntcp/NTCP immunoblots appear as three to four bands in close proximity depending on the amount of lysate loaded on gels and the length of film exposure time (19, 23, 33 , 35). Mutation of each cysteine did not significantly change the expression level of total Ntcp, although mutation of cysteine 44 did show a nonsignificant decrease in expression (P ϭ 0.0629) ( Fig. 2A) . We also measured the amount of WT and cysteine mutant Ntcp localized at the PM by using a cell-surface protein biotinylation technique. As with total levels of expression, there was a significant decrease in the PM levels of C44A Ntcp (P ϭ 0.024) (Fig. 2B ). This decrease in uptake (33.9 Ϯ 11.3%) was comparable to the decrease in PM Ntcp levels (44.7 Ϯ 12.6%) (Figs. 1 and 2B) . Thus, the decrease in TC uptake by C44A is more likely to be due to decreased PM localization (a reflection of decreased total expression) rather than an effect of the mutation. Total and PM levels of all other cysteine mutants were similar to WT Ntcp (Fig. 2, A and B) .
The C266A mutation exhibited a defect in TC uptake (Fig.  1) . Unlike C44A Ntcp, however, this defect cannot be explained by a decrease in total or PM expression of C266A Ntcp (Fig. 2, A and B) . Indeed, when the TC uptake data shown in Fig. 1 are normalized to the amount of PM Ntcp, the C266A Ntcp mutant still showed a decrease in TC uptake (Fig. 2C) . Thus, it would appear that C266 is necessary for optimal function of the transporter. We also found that mutation of C98 to alanine resulted in an increase in TC uptake (Fig. 2C) . This result is in agreement with an earlier study that looked at the effect of cysteine mutations of mouse Ntcp on TC uptake in COS-7 cells (32). In contrast, when C98 rat Ntcp was expressed in Xenopus laevis oocytes, uptake levels were similar to WT Ntcp (42) . Perhaps the various expression systems used to measure Ntcp function could explain these differing results.
A previous study suggested that inhibition of TC uptake by the thiol-modifying agent MTSET involves C266 of human NTCP (11) . This result raised the possibility that NO-mediated inhibition of TC uptake may involve S-nitrosylation of C266. This study was conducted in nonhepatic cell lines (COS-7 and HEK293 cells) transfected with C266A NTCP. The present study was conducted in a hepatic cell line (HuH-7) transfected with rat Ntcp. Thus, to confirm that the effect of MTSET is preserved in our system, we determined the effect of MTSET on TC uptake in HuH-7 cells transfected with WT and C266A Ntcp. Results confirmed the previous finding that WT Ntcp was sensitive to MTSET-mediated inhibition of TC uptake while C266A Ntcp was insensitive to MTSET-mediated inhibition (Fig. 3) .
Because C266 was targeted by MTSET, we hypothesized that NO-mediated inhibition of TC uptake may involve C266. We determined dose-dependent effects of NO on TC uptake in HuH-7 cells transfected with WT and C266A Ntcp using the NO donor CysNO. Our expectation was that TC uptake by C266A Ntcp would be insensitive to NO. Surprisingly, we found that both WT and C266A Ntcp were susceptible to NO-mediated inhibition of TC uptake, with significant inhibi- Total Ntcp normalized to Actin A * Fig. 2 . Effects of cysteine-to-alanine mutation on total and plasma membrane (PM) Ntcp expression. A: empty vector (EV), WT, and cysteine mutant Ntcp were transiently transfected into HuH-7 cells. Later (48 h), cells were collected, and lysates were prepared to measure total Ntcp expression levels by immunoblot. Relative expression levels were normalized against actin levels. Data are expressed as means Ϯ SE (n ϭ 5). B: EV, WT, and cysteine mutant Ntcp were transiently transfected into HuH-7 cells. Later (48 h), PM-bound proteins were selectively biotinylated, cells were collected, and lysates were prepared. PM-bound proteins were purified by streptavidin pulldown, and PM Ntcp levels were determined by immunoblot. Relative PM levels were normalized against E-cadherin levels. Data are expressed as means Ϯ SE (n ϭ 5). *Significantly different from WT Ntcp control values (P Ͻ 0.05). C: TC uptake values in Fig. 1 were normalized for the amount of PM Ntcp present in B. Data are expressed as means Ϯ SE (n ϭ 7). *Significantly different from WT Ntcp control values (P Ͻ 0.05).
tion observed at doses of 0.25 mM CysNO and higher (Fig. 4) . Doses within this range are routinely used to mimic pathological situations where nitrosative stress occurs (2, 7, 21, 22, 41). These results would suggest that NO-mediated inhibition of TC uptake by Ntcp involves cysteine residues other than C266. Because C266 is not targeted by NO, we tested if any other cysteine mutant was insensitive to NO-mediated inhibition of uptake. Insensitivity to NO-mediated inhibition would indicate that NO acts by modification of that residue. Uptake assays revealed that NO inhibited uptake by every cysteine mutant except for the C96A mutant (Fig. 5) . Thus, as opposed to C266 which is targeted by MTSET (Fig. 4) , NO-mediated inhibition of uptake occurs through C96.
To further characterize the sensitivity of the C96A Ntcp mutant, we tested the effect of MTSET on C96A Ntcp function. As opposed to C266A Ntcp, MTSET had no effect on TC uptake by C96A Ntcp (Fig. 6A) . We also performed a more detailed dose response of CysNO on uptake by C96A Ntcp. Strikingly, the C96A Ntcp mutant is resistant to NO-mediated inhibition of TC uptake (Fig. 6B) . At a dose of 1 mM CysNO there is a small decrease in TC uptake by the C96A Ntcp mutant (23 Ϯ 5.24%). However, even at this dose, the inhibition by NO does not approach the NO-mediated inhibition seen with WT or C266A Ntcp (72.4 Ϯ 11.66 and 95.0 Ϯ 3.06%, respectively) (Fig. 4) . Thus, we conclude that NO-mediated inhibition of TC uptake, but not MTSET-mediated inhibition of TC uptake, occurs through C96.
It is possible that CysNO treatment may inhibit TC uptake by decreasing the amount of Ntcp present at the PM. To account for this possibility, we tested the effect of CysNO treatment on the PM levels of both WT and C96A Ntcp. In this study, neither WT nor C96A Ntcp PM levels were affected by CysNO treatment (Fig. 7) . Thus, the inhibition of WT rat Ntcp does not appear to occur by decreasing PM levels of the transporter.
NO mediates many of its cellular effects through binding of reactive cysteine thiol groups in a posttranslational modification termed S-nitrosylation. Indeed, we have previously demonstrated that human NTCP can be S-nitrosylated by NO (33) . Because C96A Ntcp was insensitive to NO-mediated inhibition of TC uptake, we tested whether C96A Ntcp is S-nitrosylated by NO. When cells were transfected with either WT or C96A Ntcp and then treated with or without CysNO, we found that WT Ntcp but not C96A Ntcp was S-nitrosylated (Fig. 7) . This result would indicate that C96 is S-nitrosylated by NO, and this may explain NO-mediated inhibition of TC uptake.
DISCUSSION
The aim of this study was to determine which of the eight cysteine residues of Ntcp is responsible for NO-mediated S-nitrosylation and inhibition of TC uptake. We found that C44A Ntcp showed a decrease in total expression and PM localization. It is possible that this mutation resulted in decreased stability of the protein. We found that C266 of rat Ntcp is required for optimal TC uptake (Fig. 1) . MTSET-mediated inhibition of TC uptake also occurs through modification of C266 (Fig. 3) . Surprisingly, however, C266 of rat Ntcp was not targeted during NO-mediated inhibition of TC uptake (Fig. 4) . Instead, we found that C96 of rat Ntcp is responsible for NO-mediated inhibition (Figs. 5 and 6 ). This finding was confirmed by virtue of the fact that C96A Ntcp was not S-nitrosylated in response to NO treatment (Fig. 8) .
The present study suggests that C266 is necessary for optimal function of Ntcp. However, previous studies that have investigated the importance for C266 in Ntcp/NTCP function are contradictory. Based on kinetic analysis, one study suggested that C266 of human NTCP is not essential for function (17) . However, expression of rat C266A Ntcp in X. laevis oocytes demonstrated that C266 was required for optimal uptake (42) . Another group expressed cysteine mutations of mouse Ntcp in COS-7 cells. They likewise found that mouse C266A Ntcp had a diminished TC uptake capacity (32) . Our results are in agreement with these latter two studies. We found that C266 of rat Ntcp is required for optimal TC uptake ( Figs.  1 and 2) . It is possible that there is a species difference between human and rat/mouse isoforms of NTCP/Ntcp and that C266 is not essential for human NTCP but is essential for rat and mouse Ntcp function. Alternatively, the various expression systems employed might have led to differences in C266A Ntcp/NTCP function. PM-bound proteins were selectively biotinylated, cells were collected, and lysates were prepared. PM-bound proteins were purified by streptavidin pulldown, and PM Ntcp levels were determined by immunoblot. Relative PM levels were normalized against E-cadherin levels. Data are expressed as means Ϯ SE (n ϭ 4). We previously found that NO-mediated inhibition of TC uptake is reversible with DTT (33) . This indicates that NO most likely mediates this inhibitory effect through modification of a cysteine residue(s). Indeed, earlier work in isolated rat hepatocytes had shown that several thiol-binding reagents [p-chloromercuribenzenesulfonate (PCMBS), bromosuccinimide, N-ethylmaleimide (NEM), and 2,2=-dithio-bis(5-nitropyridine) (DTNP)] reversibly blocked TC uptake (3, 4) . A study using the membrane-impermeant sulfhydryl reacting reagents MTSET and 2-sulfonatoethylmethanethiosulfonate (MTSES) also blocked uptake. Moreover, they demonstrated that C266 of human NTCP is the cysteine residue modified by these reagents (17) . We confirmed this finding for rat Ntcp by demonstrating that C266A Ntcp is also resistant to MTSETmediated inhibition of TC uptake (Fig. 3) .
Because both MTSET and NO can bind to thiol groups and because C266 is targeted by MTSET in both human NTCP and rat Ntcp, we hypothesized that NO may also inhibit NTCP/ Ntcp function via modification of C266. Our study showed that, while C266 is targeted by MTSET, it is not by NO. On the other hand, C96 is targeted by NO but not by MTSET (Fig. 6) . The reason for this difference may be due to the predicted location of C266 and C96 in Ntcp. Membrane-impermeant methanethiosulfonates like MTSET have been used to identify extracellular cysteine residues (17, 30) . C266 lies in an extracellular loop as predicted by several topology models of NTCP/Ntcp (17, 28, 42) . Thus, C266 is accessible to MTSET binding due to the fact that it is exposed to agents acting extracellularly. These same topology models predict that C96 lies in one of several transmembrane domains of NTCP/Ntcp (17, 28, 42) . Therefore, it follows that C96 is inaccessible to MTSET. Efforts to identify a consensus sequence motif for S-nitrosylation have been unsuccessful (18, 25) . However, hydrophobicity analyses have indicated that the majority of S-nitrosylation sites lie within hydrophobic pockets (15, 25) . Hence, it would appear that C96 resides in a region of NTCP/ Ntcp that is susceptible to S-nitrosylation, whereas C266 may lie in an area that does not favor S-nitrosylation.
The mechanism by which S-nitrosylation of C96 leads to TC uptake inhibition is not known but can be speculated based on a recent study that reported the crystal structure of a Ntcp homolog, the bacterial ASBT NM (20) . Using this crystal structure, another group has produced a three-dimensional homology model for human NTCP (8) . This model predicts that C96 lies in a possible permeation pathway for Na ϩ . We and others have demonstrated that, when C96, which is conserved among human, mouse, and rat, is mutated to alanine, the mutant is still functional (Fig. 1) (42) . However, when C96 is mutated to tryptophan, the mutant becomes functionally inactive (42) . It is suggested that insertion of the bulky tryptophan may block the permeation pathway for Na ϩ . It is possible that S-nitrosylation of C96 may result in steric hindrance that blocks the permeation pathway for Na ϩ and thereby inhibits Ntcp function. Molecular modeling will be needed to evaluate the validity of this hypothesis.
In our earlier study of human NTCP, we found that high doses of CysNO (1 mM) caused a decrease in the amount of NTCP present in the PM (33) . This finding was in agreement with our kinetic studies which showed that NO-mediated inhibition of TC uptake was noncompetitive (33). We did not observe the same effect on PM levels with rat Ntcp and a lower dose of CysNO although comparable inhibition of TC uptake was observed (Fig. 7) . This discrepancy may be due to species differences between rat and human Ntcp/NTCP or the difference in CysNO dose employed. Species differences may be a likely explanation, since taurolithocholate-induced inhibition of TC uptake is associated with a decrease in PM rat Ntcp but not human NTCP (34) . Also, inhibition of TC uptake by bosentan, a dual antagonist of endothelin receptors A and B, is noncompetitive for rat Ntcp and competitive for human NTCP (26) .
The role of NO in the liver is complex in that NO can be protective as well as toxic. Thus, NO can be both pro-apoptotic and anti-apoptotic in the liver (31) and is implicated in alcoholic liver disease and ischemia-reperfusion injury (31, 36) . While lower levels of NO have been linked to increased bile flow, higher levels of NO are associated with cholestasis and hepatocellular injury (5, 9, 12, 29, 38, 40) . Increased production of NO has been demonstrated in experimental cholestasis as well as in primary biliary cirrhosis (14) , and inhibition of NOS has been shown to ameliorate hepatocellular injury in cholestasis induced by bile duct ligation (27) . These studies suggest that overproduction of NO may activate cellular mechanisms that are deleterious to hepatocytes. S-nitrosylation has emerged as an important posttranslational modification that has critical roles in regulating protein function in physiology and pathophysiology (11) . S-nitrosylation of NTCP/Ntcp has been identified in NO donor-treated HuH-NTCP cells and also in liver from bile duct-ligated rats (13, 33) . It would be attractive to speculate that S-nitrosylation of Ntcp at C96 occurs when hepatocytes are exposed to pathological levels of NO and further that this modification may contribute to the development of cholestasis by inhibiting Ntcp function.
In summary, the present study showed that C266 of Ntcp is required for optimal TC uptake. In addition, MTSET-mediated inhibition of TC uptake also occurs through modification of C266. NO-mediated inhibition of TC uptake, however, is mediated through S-nitrosylation of C96.
